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16. Microchannels enable cell confinement during motion and therefore mimic the microenvironment encountered by DCs in the constrained interstitial spaces of peripheral tissues and lymphoid organs. They impose a directional migration to cells, which facilitates the extraction of measurable parameters. DCs entered and moved spontaneously and bidirectionally along microchannels, with their cell body being constrained during motion ( fig. S4 ). Time-lapse movies obtained with WT, Ii (1, 2) ; however, we know essentially nothing about how cell division occurs in these organisms. This is of particular interest because the sequenced genomes of hyperthermophilic crenarchaeotes lack genes for members of the FtsZ/tubulin and MreB/actin superfamilies of cell division proteins (3) (4) (5) (6) . The near-ubiquity of tubulins and actins underscores these proteins' pivotal roles in cell division processes in bacteria, euryarchaea, and eukarya. The absence of orthologs of these proteins in the crenarchaea has prompted us to attempt to identify the crenarchaeal cell division machinery, using species of the genus Suflolobus as a model system. In metazoa, the ESCRT (endosomal sorting complex required for transport) system, in addition to its roles in endosomal trafficking and viral egress (7) (8) (9) (10) , plays a role in membrane abscission during cytokinesis (11) (12) (13) . Most hyperthermophilic crenarchaea encode homologs of ESCRT-III components and the adenosine triphosphatase (ATPase) Vps4 (14, 15) that could potentially be involved in cell division (figs. S1 to S3). Sulfolobus encodes four ESCRT-III homologs and a single Vps4 homolog. No homologs of the ESCRT-0, -I, or -II systems are apparent. The Vps4 gene is located within an operon-like structure with an ESCRT-III homolog and a third protein predicted to contain a coiledcoil structure ( fig. S1 ).
First, we profiled the cell-cycle expression of the Sulfolobus ESCRT machinery in synchronized cultures of Sulfolobus acidocaldarius (16, 17) (Fig. 1, A and B) . Transcripts of Saci1372 (Vps4) and ESCRT-III homologs Saci1373, -0451, and -1416 underwent a characteristic modulation, with lowest levels in S phase-enriched populations (at the 30-min time point) and levels peaking between three and four times higher in populations enriched in dividing cells (at 180 min). In agreement with this result, levels of Saci1373 (ESCRT-III) protein were highest in dividing cell populations (Fig. 1C, upper panel) . In contrast, Vps4 protein remained nearly constant across the cell cycle (Fig. 1C, middle panel) . Immunostaining with antibodies to Saci1373 (ESCRT-III) revealed a distinct subcellular localization of the protein. More specifically, in cells where the two nucleoids had separated, a band or belt of Saci1373 (ESCRT-III) was detected between the two nucleoids, correlating with the site of membrane ingression (Fig. 2 , figs. S5 and S6, and movie S1). Similar results were observed for Vps4 localization, although in addition to the strong staining at mid-cell, we generally observed a weaker, diffuse background distributed throughout the cell body (Fig. 2) . The highly specific localization of these proteins to the midcell in dividing cells suggested a role in cell division-related processes.
In eukaryotes, ESCRT-III family proteins are capable of both homo-and heteromultimeric interactions resulting in the generation of protein lattices. We tested the ability of the four Sulfolobus ESCRT-III homologs to interact with one another using yeast two-hybrid assays (Fig. 3A) . A series of interactions between these proteins was detected, indicating that the archaeal ESCRT-III proteins have the capacity to form an extended lattice. In eukaryotes, Vps4 plays a pivotal role in disassembling the ESCRT-III lattice and has been shown to interact with ESCRT-III proteins via the MIT domain of Vps4 and the C-terminal tails of ESCRT-IIIs. We tested whether the Saci1373 (ESCRT-III) and Vps4 proteins interact directly. Full-length (residues 1 to 261) Saci1373 (ESCRT-III) and Saci1372 (Vps4) did indeed interact (Fig. 3, B and C). The minimal interaction sites comprised residues 183 to 193 of Saci1373 (ESCRT-III), a notably hydrophobic and proline-rich region (Fig.  3B) , and the MIT domain of Saci1372 (Vps4) (Fig. 3C) . To better understand the basis of this interaction, we determined the co-crystal structure of the MIT domain of Saci1372 (Vps4) with a peptide corresponding to residues 183 to 193 of Saci1373 (ESCRT-III). The MIT domain forms a three-helix bundle, and the peptide binds in an extended configuration to the groove formed between helices a1 and a3 (Fig. 3D) . The residues interacting with the MIT domain constitute part of a 183-(R/K)XLLP(D/E)LPXPP-193 motif (18) present in most orthologs of Saci1373. Among the four Saci ESCRT-III-like subunits, only Saci1373 has this MIT-binding motif ( fig. S2) (Fig. 3E) . However, the MIM in human CHMP6 (termed MIM2) binds in an extended configuration along the groove formed by helices 1 and 3 of the MIT domain (20) . Although the CHMP6 MIM2 lacks the cis-Pro equivalent of Saci1373 Pro 187 and the corresponding kink of the main chain, the residues interacting with the Vps4 MIT domain and the extended main-chain conformations for these residues are essentially the same as we observe for Saci1373 binding to the Saci1372 (Vps4) (Fig. 3F) .
Thus, archaeal ESCRT components are cellcycle-regulated, interact via an evolutionarily conserved interface, and show specific subcellular localization to the site of membrane ingression during archaeal cell division. To further test the in vivo role of the Sulfolobus ESCRT components, we generated an episomal vector to direct arabinoseinducible expression of a target gene in S. solfataricus (21) (figs. S9 to S11). We transformed S. solfataricus with either an empty vector or vector containing wildtype Vps4 or an ATPase-defective [Glu 206 →Gln 206 (E206Q), "Walker B"] mutant of Vps4 (Fig. 4 , A to C). 
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Overexpression of wild-type Vps4 results in the appearance of only a small proportion of enlarged cells with elevated DNA content, indicated by red triangles in Fig. 4B . Induction of the mutant Vps4 E206Q results in a far more dramatic phenotype (Fig. 4, C and D) . Considerably enlarged cells, up to four times the diameter of wild-type cells, were observed that showed intense 4´,6´-diamidino-2-phenylindole (DAPI) staining, indicative of elevated DNA content. In addition, a large number of "ghost" cells lacking DNA were seen (Fig. 4D) . Flow cytometry of the cells containing overexpressed Vps4 (E206Q) revealed an aberrant profile with a significant proportion of the cells containing less than one or more than two genome equivalents. The cells with more than two chromosomes formed a broad continuum with non-integral genome contents, indicating that, in the absence of proper cell division, DNA replication is misregulated.
Here we have shown that Sulfolobus ESCRT system homologs play a role in the cell division process. The ESCRT system in human cells is involved in membrane abscission at the final stages of cytokinesis (12, 13) . However, there is no evidence of yeast ESCRT proteins being involved in cell division, leading to speculation that this role in human cells may be a recent evolutionary acquisition. Our findings suggest that the role of the ESCRT proteins in cell division may pre-date the divergence of the crenarchaeal and eukaryotic lineages and thus be reflective of the ancestral role of this complex. Just as The mammalian cell nucleus contains structurally stable functional compartments. We show here that one of them, the Cajal body (CB), can be formed de novo. Immobilization on chromatin of both CB structural components, such as coilin, and functional components of the CB, such as the SMN complex, spliceosomal small nuclear ribonucleoproteins (RNPs), small nucleolar RNPs, and small Cajal body-specific RNPs, is sufficient for the formation of a morphologically normal and apparently functional CB. Biogenesis of the CB does not follow a hierarchical assembly pathway and exhibits hallmarks of a self-organizing structure.
C ompartmentalization of the nucleus contributes significantly to the regulation of nuclear functions (1) (2) (3) (4) (5) . The structure of intranuclear compartments is maintained in the absence of defining membranes and despite a highly dynamic exchange of their components with the surrounding nucleoplasm (6, 7) . It has been suggested that nuclear bodies are formed by either an ordered assembly pathway or selforganization (3, 5) . To discriminate between these 
